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A Study  of  the  kechaniam  of  Scabbing  of  Steal 
Plates  by  Explosive  Attack. 


R.?.3ilkinson  and  E.  de  L.  Costello 


Summary 

Plates  of  r.lld  steel  have  been  subjected  to  attack  by  cylinders  of 
plastic  explosive  and  the  dissensions  of  the  resulting  craters  and  scabs  have 
been  determined.  The  tiue  of  arrival  of  tbs  detonation  wave  at  one  surface, 
and  the  displacement -time  curve  over  the  first  0.2  in.  for  the  other  surface, 
hers  also  been  found.  Pram  the  measurements  the  variation  of  pressure  at 
the  shook  front  with  distance  travelled  through  the  steel  has  been  determined, 
sad  values  for  the  shook  wave  velocity  at  different  pressures  have  been 
obtained.  The  results  are  in  substantial  agreement  with  those  predicted 
theoretically.  Previous  work  relevant  to  the  subject  has  been  examined  r-nd 
the  various  factors  influencing  the  scabbing  phencmenor  have  been  discussed. 

Tn  the  lijht  of  both  this  discussion  end  the  results  of  the  present  work, 
the  dependence  of  the  shape  of  the  stress  wave  cm  the  charge  dimensions  «i«d 
the  distance  travelled  has  been  qualitatively  determined;  the  effect  of  both 
charge  *nd  plate  dii tensions  on  the  dimensions  of  the  scab  formed  i»s  been 
eooounted  fen*. 


IMPORTANT 


Thit  OOCVMLW  fee  returned  U t fee  Cfeief  Information  Offn.tr,  famtnttni  fietearct 
Ettafeliifemem,  iVt  Heftteod.  SerenoeM,  (Cent,  If  retention  feeton-u  no  tongtr  n*<tnary 


mrui  PisTHiameH 


Internal 

Ho.  1 23AR 


2 SSAR 

3 SSPR 

4 S3AK 

f.  SSAH  Attention  Wr.C.K.  Thornhill) 


C - 7 

8 

9 

10  - 13 


SAX 

SZHF 

Sfld 

SA£  (Attention  Mr.R.F.Vliikinaon,  Ur.H.O. Janes 

Dr.W.E. Soper,  Kr.E.  de  L.Cost>-llo) 


'nltod  Klngdoa 

14  - 13  CS/EKEE 

18  CC/HER 

1?  r*TR(D) 

is  feer(d) 

15  CHAD 

20  - 2i  CSiJ)  (Attention  Lt.Col.Gmonway,  Major  Reader; 

22  P/IE 

23  - 2*1  1C  of  5,  Shrivenhaia 

03  Sec. OB 

25  - 55  High  Explosives  Coaaittoe  (Secretary  Hr.IU F.Wiikinoon) 
55  - 80  Rate  of  Strain  Panel  (Secretary  Mr.5.J.Tuppcr) 

Oyeratjaa  (through  TPRVTI3) 


81-98  IIS  - Joint  Reading  Panel 
99  - R & D Board 

100  -HOIS,  Inyokom  (Attention  Mr.J.S. Rinehart) 

101  -MOL,  Silver  Springs,  Md.  (,,tt<yition  Br.J.M.ablard) 

102  - 103  IV  3H  ( in  cl.  Hava!  Staff)  for  own  uao  only 


104  Ornada  - Dopt.  Hat,  lief. 

105  - 106  - Def.  ties.  Liaison 

109  - Hat,  Rea,  Council 

llC  - Canadian  Defence  Research  Board 


111  - 112  m-VTIB  - Retention 


Ctxsk 


113  - 128 


FA1~  No, 


C NTiJiTS 


Introducti-.r.  1 

Review  cf  previous  worit  1 

..xperis-ntsl  lethcxis  7 

3. 1 .'eccrcitn*,  technique  7 

3. 2 The  ihsrge#  £ 


3.3  The  .-.ver.t  systems 

9 

eJtr.erlaentiil  results 

10 

■ lsoussic.r.  of  results 

13 

ih.  nr  Fusions 

21 

'ltliOfcrsrhy 

22 

Figures  1 to  26 

Pistes  I t,-  III 

SBCHBT 


1*  IctroAtctlop 

It  Is  well  caatn  that,  when  • slab  of  explosive  is  detonated  in  contact 
with  a steel  piste,  the  surfsoe  of  the  piste  remote  from  tbe  explosive  is 
sasbbed;  thst  is,  s fracture  ooours  near  to  the  free  surfaoe  perellel  with 
the  sarfsoe  *nd  • piooe  of  metal  may  be  detaabed.  In  this  country  tbe  tern 
scabbing  is  restricted  to  those  oases  wb*re  tbe  pieoe  of  metal  is  actually 
detached,  but  in  tbe  United  States  the  tera  also  includes  those  asses  in 
">6ioh  only  tbe  fracture  parallel  to  tbe  surface  ooours. 

This  effeot  baa  been  maos  use  of  in  the  squash- bead  projectile  designed 
for  the  defeet  of  tank  amour.  this  weapon  oonaiata  of  a relatively  thin- 
nosed shell  fillec  with  plastio  explosive  or  RtSt-wex  and  ha ae- fused.  On 
impact  with  tbe  target  the  nose  of  tbe  shall  collapses  and  tbe  explosive 
flowa  into  a slab  of  disaster  greater  than  that  of  tbe  original  shell.  at 
a suitable  instant  the  fuse  initiates  tbe  explosive  from  behind.  A large 
umber  of  firing  trials  hare  been  oarried  but  in  this  oountry  (1,  2)  and 
also  in  tbe  United  States  and  a lot  of  rather  empirical  information  has 
been  oolleoted  together  concerning  the  explosive  and  scab  dimensions. 

Tbe  work  described  in  this  report  wes  undertaken  in  an  attempt  to 
throe  ease  light  on  the  bsaio  taaohaniam  of  tbs  scabbing  prooeaa,  A more 
ossplste  uaderasanaing  of  thia  may  enable  improvements  to  be  made  in  the 
weapon  or,  et  least,  enable  the  limitations  of  the  weapon  to  be  appreciated. 
In  the  work  cylindrical  charges  of  plastio  explosive  were  detonated  in 
oontaot  with  slid  steel  plate  and  attempts  were  made  to  measure  the  scab 
dimensions,  the  shook  wave  velocity  through  tbe  plate,  and  the  displaoaaont- 
tlsae  curve  of  the  free  aurfaoe. 

2.  gevlew  of  Previous  Work 

Tbe  effeot  of  the  transmission  of  a transient  ooapreaa tonal  wave 
through  metal  was  first  studied  by  Hop  fci  neon  (3)  and  later  by  Landon  (4) 
and  Davlas  (5).  Hopianaon  studied  the  effeot  produood  by  the  impaot  of 
a bullet  on  e cylindrical  steel  bar  by  a method  which  is  still  extensively 
used.  Consider  e cylinder  of  aaterial  divided  into  two  parts,  A and  B 
(fig.  ta),  and  subjected  to  a pressure  pulse  ea  shown.  Jfhen  the 
oompreaaion  wave  reaches  tbe  free  surfaoe  it  ie  reflected  as  a tension 
wave  of  equal  magnitude  (fig.  1b)  in  order  to  satisfy  tbe  boundary 
oonditiona  that  the  pressure  at  tbe  free  aurfaoe  should  remain  unchanged, 
f hen  the  reflected  tension  wave  reaches  the  boundary  at  the  pieces,  x - x, 
the  Joint  lies  no  strength  in  tension  and  the  two  parts  fly  apart.  If  the 
thioknes*  of  3 is  greater  then  half  the  wavelength  of  the  pulse,  all  the 
momentum  will  be  trapped  in  it  and  this  wiil  be  equal  to  the  area  under  the 
atreaa-tizm  ourve.  If  the  thickness  of  B is  less  than  half  the  wavelength, 
tbe  momentum  trapped  in  it  is  equal  to:  - 

• r 

A • j * cr(tj  dt 


where  <r  ( t)  a stress  et  time  t 

T * time  for  w«ve  to  trawl  twice  the  thiakaesa  of 

By  varying  the  thickness  of  B and  measuring  its  xonentja,  a atresa-tlme 
curve  aan  be  constructed. 

The  mechanics  of  scabbing  is  clearly  very  similar  to  this.  If  we 
consider  a oompraaalonal  wave  with  an  Instantaneous  rise  time  and  a gradual 
decay,  produced  0/  detonating  explosive,  transmitted  into  a steel  plate,  it 
•ill  be  reflected  from  tbs  free  surfaoe  as  a tension  wave,  as  described  above 
and  shown  in  fig.  2.  Tbs  unbroken  line  represents  the  resultant  stress 
pattern  after  reflection.  H early,  with  increasing  time  the  resultant  tens'. W j 


-t- 

SKCitt? 


•trees  (ato)  moves  further  Into  the  plat*  and  increases  In  amplitude.  Vban 
the  amplitude  (eb)  boooaaa  equal  to  tba  tyxunio  tensile  strwogth  of  tba 
material,  Tfl,  fracture  ooouxa.  It  la  important  to  not*  that  fraatur* 
ooaura  at  a distance  fro*  tha  aurfaos,  6,  equal  to  on*  half  tha  diatano* 
within  tha  stress  wave  corresponding  to  a fall  In  atraaa  a qua!  to  tha 
tensile  atrength.  He  no*  aoab  thLoknesa  la  * direct  xndloetion  of  tha 

rat*  of  decrease  of  atraaa  behind  tba  un  front  and  la  independent  of  tba 
baight  of  tba  front,  provided  that  tha  atraaa  ia  large  enough  to  oauae 
scabbing. 

kina  hart  (6)  baa  reported  a aeries  at  experiments  in  which  he  used  a 
Hopkineon  technique  to  study  tba  shape  of  the  stress  pulse  applied  to 
steal  plates  by  cylinders  cf  expl  calve,  He  used  oylindera  of  explosive 

i In.  diameter  and  2 ins.  long,  placed  on  steel  plates  1.5  to  3 in*,  thick. 
Small  pellats  of  steel  l/l6  to  bJw  in.  thick  were  stuck  to  the  free  fkoe  on 
the  axis  of  the  charge  end  their  veloaitiee  measured.  With  this  data,  and 
assuming  a oonatant  wave  velocity  equal  to  the  alaatio  were  Telocity  (V#), 
a stress-time  curve  aaa  oaloulate$  (fig.  3)  froo  the  oquation 

<r  ■ PV,  v 
where  p a density 
v * velocity 

It  should  be  remembered  that  all  the  plates  used  were  too  thiok  to 
silos  the  aoab  to  detaoh  and  that  in  nany  oases  the  wave  amplitude  is  only 
slightly  greater  than  the  yield  stress.  It  will  bo  seen  below  that  it 
would  probably  bo  better  to  use  a velocity  rather  lcmer  than  the  elastic 
velocity.  Fig.  3 shows  clearly  that  tba  amplitude  of  the  wave-front 
decreases  rapidly  with  plate  thiokzwaa,  but  that  the  later  streaa  increments 
tend  to  be  coon  larger.  line  hart  suggests  that  energy  may  be  fed  from  the 

front  of  tha  wave  to  the  baok  if  different  parts  of  the  wave  are  transmitted 
with  different  velocities.  It  was  found  that  a 1.5  in.  steel  plate  gave 
s aoab  0.1b  ina,  thiok  and  that  2 and  2.5  in.  plates  gave  craoka  0.17  and 
0.25  ina.  from  the  surface , while  3 in.  plates  showed  no  cracks.  Using 
this  data,  attempts  were  aade  to  oaloulate  tha  aritiaal  fraoture  a tress; 
tha  results  were  rather  varied  but  were  between  1 and  1 «5  x 1010  dynon/ cor . 

In  another  paper  (7)  kins  hart  baa  studied  the  dimensions  of  tba  orator 
produced  at  the  explosive  metal  interface  and  also  the  metallurgical 
properties  of  the  attacked  steel.  Charge*  2 ina.  long  were  fired  against 
steel  plates.  It  waa  found  that  iooediataly  beneath  the  crater,  which  was 
approximately  ocnioal  in  shape,  there  waa  a region  of  very  severe  cold- 
working,  the  volume  of  whioh  increased  as  the  volume  of  the  orator. 

Seme  dimensions  are  shewn  in  Table  I be  lew. 


Table  I 


Dia.  of 
charge 
(ina. ) 

Depth  of 
ora  tar 

(ina. ) 

Total  acme 

angle 

(deg.) 

Thickness  of 

odd-worked 

region  (ina.) 

Volume  of 
Cke ter 

(in.  3) 

Volume  of  oold- 
eccrkad  region 
(in.3) 

0.5 

0.059 

152 

0.157 

0.002 

0.0>2 

1.0 

0.138 

156 

0.258 

0.073 

0.231 

1.5 

0.216 

159 

0.33b 

0.162 

0.786 

2*0 

0.276 

161 

0.396 

0.51- 

0.67 

Tha  step*  of  the  crater  aay  throw  acme  light  on  the  stress  distribution 
serosa  tba  axplosive-malal  interface,  although  the  preaiee  quantitative 
relation  la  mot  known.  The  daptb  of  tba  orator  ia  scat  likely  to  b# 
determined  by  the  total  la*wlaa,  although  the  ahepa  of  the  a tree  a- tine  curve 
is  probably  important. 


Boakmll  tartoesa  aseaurmenta  war*  made  on  sectioned  samples  end  31km 
<*  equal  hardness  war*  plotted.  A typical  example  is  sham  la  fig.  V Tta 
highly  worked  region  beneath  mas  wuob  tartar  than  tta  rest  of  tta  aatarlal. 
Pfcototaorographa  of  to*  various  regions  were  also  shown}  tta  region  beneath 
«ta  highly  tcrkid  region  contained  many  shook  talas. 

Hill  (20}  has  reported  tbs  r* suite  of  s large  txtabar  of  statio  firing* 
•gainst  amour  plats;  be  studied  charges  2-5  las.  long  and  armour  4,  6 and 
8 ins.  tfaiok.  Tta  fed  losing  oooolualooa  sere  reaotadi- 

(1)  Tor  a soab  to  be  formed  a aritioal  area  of  explosive-metal  interface 

must  be  exceeded  for  a given  plate  thiokneaa. 

(2)  Tta  scab  weight  is  Independent  of  ohargo  shape  and  tta  thioknaas 

and  herdcMaa  of  tta  amour. 

(3)  Tta  soab  weight  in  lba.  ■ 0.048  (oharge  area,  in?)1 • 5. 

(4)  Saab  area  • 1.5  x obarge  oontaot  area. 

(5)  Saab  thiokneaa  ■ 0.0^6  x obarge  oontaot  diameter. 

(6)  Qrltloal  amour  thickness  for  no  aoabbing  ■ 1.4  (obarge  oontaot 

diameter)0*  75. 

This  work  severed  a fairly  large  range  of  obarge  parameters  and  tta  above 
expressions  are  no  doubt  approximately  true,  but  tta  scatter  of  points  an  the 
graphs  la  very  oonalderable  in  aoaa  oases.  Our  results  do  not  altogether 
agree  with  these  empirical  equations,  although  it  oust  be  remembered  that  tta 
results  am  for  amour  plate,  whereas  our  experiments  are  with  mild  steel. 

Pfnt  (8)  have  dene  mam  atatio  teats  of  qylindrioel  obarge*  of  plaatio 
explosive  against  amour  plate.  They  found  tta  ratio  of  aritioal  plate 
ttdaknese  to  obarge  oontaot  diameter  for  aoabbing  to  ooour  was  1.06  for 
plates  0,5  in.  to  1.75  iaa.  tfaiak.  Hill's  experiments  showed  that  this 
factor  Increased  to  about  1.25  for  8 in.  plates.  FVTS  deaaritad  tta  general 
appearanoe  of  all  tta  scabs.  Tta  depths  of  the  craters  formed  by  the 
explosive  agreed  quite  aloeely  with  Rinehart's  results  reproduced  above  whiob 
were  for  adld  steel. 

Before  discussing  tta  work  an  tta  mechanism  of  tta  aoabbing  prooesa,  it 
will  be  uaeful  to  mention  briefly  tta  various  waves  that  can  be  propagated 
through  materials.  Wtan  a wire  or  relatively  thin  rod  is  subjected  to  an 
impact  of  relatively  mall  magnitude,  so  that  tta  elastic  limit  of  tta 
material  is  not  exceeded,  a longitudinal  wave  la  propagated  along  it  with 
velooityi 

▼ - (*  )* 

wtere  S « Taung’a  Modulus 

p a density  of  the  material 

Xn  an  ax  tended  solid,  however,  lateral  strains  are  prevented  so  that 
lateral  stresses  are  eet  up  and  it  can  be  ebowa  that  tta  propagation  velocity 
is  given  by  an  aquation  containing  any  two  of  tta  constants,  Toung's  Modulus, 
bollt  modilna,  rigidity  modulus,  and  Poisson'  a ratio.  A convenient  equation 
la 


where  1 a bulk  modulus 


v a Pd aeon's  ratio 


Owing  toe  fallowing  data  for  mild  steel 


£ - 16.7  * 101* 

P • 7-83  g./am.^ 

v . 0.289 

11  is  found  that  V,  ■ 5950  m./mo.  A value  wry  aloes  to  this  bss  bssn 
obtained  by  Paok,  Evans  and  Jans  a (9)  under  oonditicns  very  similar  to  thoae 
used  in  the  presant  work.  Hughes  «t  al  (1C)  have  quoted  3880  a./ moo.  and 
fay  and  Vcrtiar  (11)  5950  m./soo. 

When  tbs  yield  value  of  tbs  material  la  axooeded,  as  In  solids  at 
higher  stresses  or  in  liquids  at  all  stresses,  tbs  propagation  velocity  (Vp) 
la  detezained  only  by  the  density  and  bulk  modulus  by  the  equation 

Vp  s (£)* 

Using  tbs  sens  data  as  above  for  adld  steel,  Tp  ie  found  to  be  4620  ou/seo; 
it  should,  boeever,  be  noted  that  this  value  will  only  be  found  for 

relatively  loa  at  re  sees,  ainoc  at  higher  stresses  X and  p will  both  take  on 

different  values. 

Zt  ie  only  possible  to  obtain  a complete  picture  of  the  wave  propagation 
in  a solid  if  a ocmplete  stress-strain  diagram  of  the  material  is  available; 
this  must  else  represent  the  relationship  st  the  appropriate  rets  of  strain 
and  not  under  the  usual  static  conditions.  Such  oomplate  information  for 
the  type  of  problem  under  consideration  is  never  available.  The  stresses 
involved  In  e detonation  save  are  of  the  order  of  2 x 1011  dynoa/aa.  . 

Bridgman's  (12,  13)  deta  on  compressibility  go  up  to  about  2 x 10'®  Avne  a/ m 2 

so  that  drastic  extrapolations  are  neoeaeary,  and,  in  any  oaae,  it  baa  been 
shewn  that  both  oompreaaibility  end  yield  value  ere  functions  of  rate  of 
strain.  No  experimental  technique  other  than  the  use  of  explosives  oan 
apply  these  pressures  sufficiently  rapidly,  i.a.  in  times  of  leas  than 
10**'  mom.  Bridgman' a data  on  the  ooapresaibility  of  steal  up  to  2 x 1010 
ijroa/cm. 2 are  represented  by  an  equation  of  the  type: - 


where  AV  a Volume  change 
VQ  a Initial  volume 

p a Applied  pressure 
A • 5.94  x 10*^3 
B a 0.6  x 1 orB* 

IV ok,  gvsns  end  James  (9)  used  an  equation  developed  an  theoretical 
grounds  assuming  that  tba  pressure  i nor  eases  exponentially  with  In  ter  a tool  a 
dl stance 

pa  a^s*p^(l-f^)-lJ^/(^.)*/» 

in  which  a and  0 are  oaloulated  from  Bridgman' s aacirioal  data  at  lower 
pressures.  The  values  used  were  e a 120.16  x 101®  djMa/ctx.  * end  0 a 4.203 
far  mild  steel.  the  pressure-density  data  obtained  from  these  two  equations 
are  shown  in  Table  XI  belos. 


z s ‘^r  ^"rmsrrr  \ 


w n 


.—-a  ■ - — sr  . - _ — 

(dyneVoa. 2) 

Bulk  modulus 
(dyne*/ am.2) 

1 

fgl 

i'll 

% 

Bric^psen 

Peak 

Bridgman 

Pack 

0 

1.67  x 1012 

1.67  x 1012 

7.83 

7.83 

1.1  x 1011 

1.90  • 

1.86 

8.30 

8.31 

2.0  • 

2.11 

2.02  • 

8.61- 

8.68 

3.o  • 

2.41  • 

2.17  * 

8.92 

9.07 

The  type  of  wave  associated  with  the  propagation  of  a finite  stress  into 
* metal  has  been  studied  extensively  by  too  Etm n (14)  and  other*  for  fairly 
high  rata*  of  (train  but  much  lower  than  thoae  associated  with  explosive*. 

The  fora  of  tbs  wave  wa*  dsduoed  froa  tba  atatio  stress-strain  ourrw  and  waa 
abowa  to  oooaiat  of  two  parts;  firstly  a war*  of  alaatio  dafonaation  of 
aagnltuda  equal  to  the  dynstaio  yield  atreaa  of  the  material  is  propagated  with 
tba  valoodty  V,  diaouaaad  abora , and  aeocndly  a wars  of  plaatio  dafonaation 
propagated  with  a loaar  Telocity  oaloulatad  fra*  tba  slope  of  tba  strasa- 
atrain  ourrw  at  the  particular  stress.  It  seams  certain  that  the  ware  of 
plaatio  deformation  derelops  into  a abode  wave  with  a steep  front  ainoe 
Table  n above  abowa  that  tba  bulk  modulus  increases  with  pressure,  *o  that 
higher  stresses  are  propagated  with  a Ter- increasing  Telocity.  Quite  clearly, 
tnteratcado  force*  will  reduce  oompre*sibility  at  ths  very  high  atreases 
aaaoolated  with  detonation  wares. 

The  shook  wars  vwlooKy  and  associated  partiaie  velocity  osn  be 
aeloulsted  from  the  equations  of  oorrtinulty  and  momentum  according  to  the 
original  method  of  Rankine  and  Bugoniot 

p(0-ti)  m p0U  (continuity) 
p ■ P0  Uu  (moment  urn) 

where  p0  « initial  density 
p ■ final  density 
0 « shook  ware  velocity 
u m partiaie  velocity 
p a pressure  Jump  at  shook  front 

31noe  p osn  be  obtained  as  a function  of  p from  tbs  above  equations,  0 
nan  be  obtained  as  a function  of  p.  The  relationship  is  shown  in  Table  111 
belcs  and  in  fig.  5. 
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Since  our  knowledge  of  t 'em  dynaai  lo  stress-strain  relationship  is  bo 
scanty,  it  is  difficult  to  predict  the  shape  of  ttao  stress- displacement  curve 
between  tbe  two  discontinuities.  It  1b  assumed  that  the  ourve  1b  of  the 
foam  ah ob a in  fig.  6.  the  atetio  /laid  stream  aen  he  taken  to  be  about 
7.J  x 109  dynes/om.-  and  there  is  acme  evidence  (6)  that  the  dynaai  o yield 
stream  (Iq)  is  rather  higher  and  possibly  about  10'°  dynea/acu^. 

It  baa  been  pointed  out  above  that  the  shape  of  the  stress-tic*  ourve 
in  the  steel  is  of  primary  importance  in  datemining  the  character  1st ioa  of 
the  a oab  formed.  The  shepe  is  detensinad  by  two  fact  or  at  firstly  the 
shape  of  the  pressure -time  curve  in  the  detonation  sons,  and  aeooodly  the  way 
in  which  this  is  modified  by  the  steel.  The  inf  carnation  on  the  shape  of  tbe 
pressure -time  curve  la  rather  scanty.  It  oan  be  assumed  that  the  riae  to 
tbe  peek  pressure  is  essentially  instantaneous  and  tbe  usually  aooepted 
figures  are  for  TOT  1.49  x lO1'  and  for  plastic  explosive  1.63  x 10*1 
d/nsVaa.2  (15;, 

Hill  and  Pack  (16)  have  investigated  tbe  problem  of  the  expansion  of 
gases  behind  e detonating  slab  of  explosive.  They  considered  tbe  two- 
dimensional  case  of  a slab  cf  T.K.T.  of  infinite  length  and  breadth  but 
2.0  oma.  wide  and  obtained  values  for  the  pressure  as  s function  of  distance 
behind  the  detonation  front  at  various  distances  from  the  axis  of  symmetry. 

In  particular,  they  found  tost  the  pressure  had  fallen  to  about  one-tenth  of 
ite  initial  value  in  a distance  behind  the  detonation  front  eqpal  to  tbe 
charge  width,  so  that  charges  of  lengths  greater  than  this  oan  be  regarded 
aa  effectively  infinite;  their  results  are  shown  graphioally  in  fig.  7*  id 
which  the  figures  on  ths  curves  indicate  the  distance  in  gas,  from  the  obarge 
axis  in  each  ossa.  The  difference  between  this  case  and  that  of  an  infinite 
cylinder  of  explosive,  to  which  our  ohargea  usually  approximate,  lies  in  the 
introduction  of  a third  dimension.  However,  tbe  problem  is  then  symastrioal 
in  the  plane  at  rignt  angles  to  the  oharge  axis,  and  we  should  expeot  tbe 
shape  of  the  preseure-distanoe  ourve  s to  be  touob  the  sene  aa  those  of  tbe 
two-dimensional  os  sc.  Tbe  sain  difference  oust  be  that  the  pressure  falls 
off  more  rapidly  with  distance  from  the  axis.  At  least  we  have  e cpialitative 
picture  cf  the  variation  with  time  of  the  pressure  at  tbe  explosive -steel 
interfaoe;  «•  expect  the  stress  propagated  into  the  steel  to  he  of  tbe  saiae 
form  but  modified  in  magnitude  by  the  boundary  conditions. 

If  we  knew  the  exsot  stress-time  relationship  of  the  pulse  incident  on 
tbe  asttsl  surface , we  oould,  in  fsot,  solve  tbe  problem  of  the  propagation 
of  the  stress  through  the  steel,  assuming  the  oase  to  be  one- dimensional  and 
provided  that  we  had  also  a complete  Knowledge  of  the  dpoataio  stress-strain 
ourve  and  nsgleoted  all  attenuation  effeota.  Charlton  (1?)  has  carried  out 
an  analysis  of  this  nature  for  tbe  plane-wav  a oase.  In  this  analysis 
Charlton  used  the  method  of  a hersat eristics  due  to  Bohnenbluat  (18)  end 
detensinad  the  stress-time  pattern  in  a laterally  infinite  plate  subject  on 
one  fsoe  to  a stress  pulse  of  two  different  hypothetical  types;  the  first 
was  a finite  pulse  of  constant  stress  and  instantaneous  doom y,  and  tbs 
second  e finite  pulse  of  constant  stress  which  decayed  exponentially.  He 
also  assumed  an  idealised  stress-strain  ourve  of  tbe  type  shown  in  fig.  3 
and  postulated  various  types  of  attenuation  of  the  plastio  wave  which  seem 
physically  unlikely.  In  view  of  the  » swaptions  made  it  is  not  surprising 
that  tbe  results  obtained  are  in  poor  agreement  with  experiment.  JSvon  if 
the  assumptions  neoesssry  oould  be  allowed,  tbe  problem  when  extended  to 
more  than  one  dimension  becomes  cat heme tioelly  intractable. 

After  interaction  with  the  steal  surfaoe  it  has  been  shown  (9)  that  tbe 
initial  pressure  in  tbe  steel  is  about  2.83  x iO11  dyne  a/ a*.  Tbe  best 

assumption  that  can  be  made  at  present  is  that  the  shape  of  the  stress- time 
ourve  is  qualitatively  aitsilar  to  that  obtained  for  TOT  by  Hill  end  Peak  (16). 
CO. early,  in  the  oase  of  the  three-diem nmionel  pr oblast,  it  will  ba  extremely 
difficult  to  solve  quantitatively  tbe  problem  of  tbe  shape  of  the  etresa-tiem 
ourve  after  travelling  a given  distance  into  the  steel. 
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that  tba  shape  will  be  Modified  by  three  effect  Bi- 
lateral expansion  of  ths  am  In  Mm  steel 
attenuation  by  unloading  waves  fras  behind 
reduction  is  amplitude  tea  to  work  done. 

la  dealing  with  the  propagation  of  unloading  nm  It  la  usually  assumed, 
e.g.  Obcrltcc  (19),  that  tbay  behave  aa  alaatlo  wares  and  so  tsad  to  oeartakw 
tbs  shook  ware  associated  with  plaatlo  deformation.  Xt  ass  be  se*n  from 
fig,  6 that,  aiaoa  permanent  defamation  la  involved,  aa  unloading  wave  anst 
t rural  faster  than  tbs  shock-front,  although  it  way  sot  raaofa  tbs  alaatlo 
wevw  vwloadty  sad  way  not  bars  tha  saws  ralooity  for  all  values  of  tha  stress, 
Aa  tba  alaatlo  wars  etches  oqp  the  shook  wars  attenuation  oust  taka  plaoa. 

h Experimental  Methods 

Tha  experimental  object  ire  was  to  data  mine  how  tba  following  (juantitlas 
vary  with  abarga  dlascaf one  sod  plats  thickness  when  cylindrical  ohargaa  of 
plaatlo  »x pi pairs  are  fired  against  steal  plat eat - 

(1)  Tba  velocity  cf  the  plaatlo  war*  (is  this  case  a shook-wave)  through 
tha  steel. 

(2)  Tba  ralooity  of  tbs  ha  ok  surfaow  of  tha  plats  and  its  varieties 
with  distance  ever  distances  up  to  apprcoctnately  0,5  in, 

(5)  Tha  shape  and  dimensions  of  tba  scab  famed  end  other  damage  to  the 
plate. 


3.1  Bsocrdlng  TeobgL gua 

Tha  asaantial  rn~ji1  rsawint  in  this  type  of  work  la  an  instrument 
oapable  of  was  curing  extrwealy  short- time  Intervale  over  a period  of 
about  40  adoroeeoonds  to  within  0.01  mdaroeeconda,  Bran  tba  bast  of 
the  conventional  linear  sweep  oscillographs  give  traoes  a hi  oh  are  not 
oapable  of  such  high  resolution.  Tha  apiral-traoe  oscillograph, 
rwosntly  developed  in  A.  B.E.  , baa  bean  found  to  ba  particularly  suited 
to  tba  axaoting  1 1 julraannta  of  this  work  and  baa  been  used  throughout. 

In  this  oscillograph  two  slas-vsrss  of  idantloal  frequency,  but  90°  out 
of  phase,  are  applied  simultaneously  to  tba  X and  X plates.  The 
amplitude  of  tba  oscillation  is  steadily  decreased,  at  the  ease  tine  aa 
the  bams  brightening  pules  is  applied,  thus  producing  a spiral  traoe 
starting  free  tba  edge  of  tba  tubs  and  waring  inwards.  In  tba  particular 
instrument  used,  tba  tine  par  revolution  was  2 odaroasoonds  and  tba 
amber  of  revolutions  about  20.  Tha  oaotre  of  tba  spiral  does  not  land 
itself  to  aagjr  weasurenent , but  there  ia  no  difficulty  in  waaaurlng  up 
to  30  wiorosaoonda  to  1 0.01  adaroasoonde.  In  our  experiment*  tba 
waa auraaant  of  tins  intervals  did  not  baoaae  a Uniting  factor.  A 
aarinaal  advantage  of  tba  spiral  trace  is  tba  greater  aaaa  with  w biob 
reoar ds  osn  be  Measured  oempared  with  a linear  one;  by  projecting  an 
image  of  tha  treoe  on  to  a oiroular  eoala  graduated  in  200  divisions 
each  representing  0.01  adaroweoooda,  may  interval  on  it  can  be  read  off 
dlreetly.  The  specially  designed  single  shot  owners  employed  for 
raoording  traoes  inoorporatad  a Wray  2 in.  f/1.0  lane  and  used  standard 
35  at.  file.  Ilford  50  91  file  developed  far  5 minutes  at  20°a  in 
I.I4  33  It'S  oetiafsotory  results. 

As  in  other  net bods  cf  eleotronia  tine  reoording,  the  pertiouler 
events  to  bo  reoarded  must  be  ocow  sorted  into  eleatronio  pul  sob,  vfcdcte 
are  that  suitably  injected  into  tba  reoording  inatnaant.  Tba  pulses 
won  obtained  by  using  ss  events  the  closing  of  alaotrioal  circuits 
o ante  ini  resisteiwe  and  oapaoity.  Tba  type  of  oirouit  used  ia 

atom  diagrams tio ally  in  fig.  9-  Values  at  0 * 300  ptf  and  Eg  * 1°°  obB* 
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gsve  pulses  of  aoltoKLo  taxation.  B|  1*  * high  resistance  (1  atgotii) 
and  the  D.O.  voltage  is  suitably  £ 300  volts,  its  algo  tateiwdning  tbs 
sign  of  tbs  pulae  developed-  0 Is  charged  through  &t  tbs  300  volts 
supply  sod  thereafter  no  our  rent  floss.  On  dosing  tbs  asp  (8)  oos 
plats  of  C Is  earthed  and  s high  frequency  pulse  Is  developed  in  tbs 
Sg-O  circuit.  tbs  pulse  is  trsnssdtted  to  tbs  recording  instrument 
by  & coaxial  osble  (A).  It  la  neoeaaary  to  temlnate  A at  the  osdllo- 
grspb  by  a 100  ebs  resistance  to  earth,  to  prevent  pulse  reflection  in 
the  cable. 

Tbs  pulses  produced  in  this  way  are  injected  into  either  the  grid 
or  cathode  of  the  oatbode-ray  tube  and  appear  on  the  traoe  ea  abort 
lengths  of  beamnbrigbtening  or  suppression,  aooording  to  tbsir  original 
sign  end  their  point  of  application  to  tbs  oscillograph.  It  la 
convenient  to  produoe  a sequence  of  events  alternately  positive  and 
negative  so  sa  to  have  s as ana  of  partially  identifying  oealllogreph 
events  with  actual  events. 

Tbs  oscillograph  is  triggered  by  a larger  positive  pulse 
(8s  ■ 100  ohms,  0 m 0.03  U F) , about  2 microseconds  prior  to  tbs  first 
event.  This  simultsae  coaly  triggers  the  eeeep  end  produos  ■ beasi 
brightening.  The  overall  delay  in  triggering  is  about  0.2  ■taroaeoond*. 
A typioel  trace  is  sham  in  Plate  I. 

3*2  The  Charges 

The  emerge*  consisted  of  rolled  caper  cylinders  filled  with  plastio 
explosive  by  hand- at  wing;  no.  8 Brisks  detonators  were  inserted  about 
| in.  into  the  end  of  the  charge  and  held  in  plaoe  symmetrically  by  means 
of  e well -mate  wood  blook.  The  charges  were  fired  hearts  ontally  and 
were  bald  in  oontaot  with  one  of  the  machined  surfaces  of  the  steel 
plates  either  by  supporting  on  Y -blook*  or  fay  moans  of  Karafix. 

The  steel  plates  used  were  cf  mild  steel  and  had  properties  shown  In 
Table  If  below. 
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Bar 

30  4. 
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It  was  found  tint  tbs  variation  in  properties  did  no*  appreciably 
affeet  tbs  results  obtained.  Tbs  plates  were  all  a^Mare  and  -aohimA 
to  give  surfaces  flat  to  better  than  0.001  ins.  Tbo  dissnsians  of  the 
pL£7*«T wrted  with  the  die*,  ter  of  the  abarge  to  -aintain  an 


I be  ooabinetiona  of  o barge  dlaensl  on*  and  plata  t biotas ssas  ara 
•ban  In  Tab  la  71. 


Tabla  71 


Charge  Length 
(Ins.) 

Charge  Id  saw  ter 



1 

3 

t 

t in. 

1 in. 

2 ins. 

1.5 

1 in. 

1 in. 

2 ins. 

2 

1 in. 

0.2  in. 
0.3  in. 

1 in. 

2 ins. 

1 in. 

2 ine. 

3 ins. 

3 

1 in. 

1 in. 

2 ins. 

4 

1 in. 

1 in. 

2 ins. 

1 in. 

2 ins. 

8 

2 ins. 

3 ion. 

}.  J tba  Event  Sy steps 

Three  types  of  event  ware  required;  - 
(i)  The  Trigger  Iwat 

This  oonaisted  of  a 0.3.  bead,  whiob  la  essentially  • pair  at 
insula  tad  ooppar  viraa  to  lata  d together  and  oounted  in  pleat io  ao 
that  tba  bare  and*  of  tba  wire  ara  oloaa  together  and  flush  with 
the  piaatio  aurfaoo  without  actually  being  in  electrical  oontaot. 
da  tba  detonation  wave,  atdob  oontaina  icniaad  gaaea,  paaaaa  tba 
dataetor,  tba  wlraa  are  effectively  abort-drouited  and  thus  produo# 
a pulse  to  trlggar  tba  oedllcgrapb.  Tba  dataotar  wa*  inaartad 
into  tba  oherge  through  a hole  in  tba  paper  tuba  at  a distance  fro* 
tba  steal  plate  to  give  tba  oorreot  daisy. 

(il)  Tba  fire  grant 

Tba  arrival  of  tba  detonation  wave  at  tba  surface  of  tba  plata 
was  detected  by  plaaing  a length  of  taaMlled  wire  between  tba 
explosive  and  tba  plata.  On  arrival  of  tba  datonation  as  vs  at 


■9- 


the  plate  the  wire  was  short -clrnul ted  to  the  pint*  which  m 
earthed.  The  event  ooouxi  anally  ooocrrsd  prwwsturaly  or  mi  Biased 
altogether;  this  ess  attributed  to  gee  Jets  between  the  explosive 
sad  the  paper  tube.  Tbs  difficult/  was  eliminated  by  covering  the 
wire  near  the  edges  of  the  charge  with  plastic* ne. 

(ill)  Tbs  Probe  Events 

Tbs  movaaeot  of  the  faos  of  tbs  steel  plate  was  followed  by 
nesa a of  wire  probes  situated  et  various  distances  from  the  plate. 
Two  sets  of  distances  ware  generally  used  as  follows;- 

(a)  2,  5,  10,  15,  20  and  25  thousandths  of  an  inch- 

(b)  2,  25  , 50,  100,  150  and  200  thousandths  of  an  inch. 

The  probes  oouaiatsd  of  short  lengths  of  about  0.5  in.  of 
22-gauge  ooppe  r wire  ■ olds  red  into  balsa  drlllsd  axially  into  6 BA 
brass  screws.  The  aorews  were  mounted  on  Tufnol  sheet  a in  bales 
tapped  at  an  angle  of  about  70°  to  the  surf  a os,  so  that  the  ends  of 
tbs  wires  formed  s small  air  ala  about  0.3  in.  in  disaster  around 
tbs  axis  of  the  o barge.  Tbs  distances  of  tbs  probes  from  tbs 

plats  wars  aoourately  adjusted  by  means  of  feeler  gauges  and  they 
were  than  secured  in  position  by  means  of  look  nuts.  Saob  probe 
formed  part  of  an  event  circuit , tbs  steal  plats  acting  as  a oosasan 
earth,  so  that  as  the  steel  plats  touobsd  saob  probe  a pulse  was 
produced  an  the  oscillograph.  The  system  la  shown  diagrams tloally 
in  fig.  10  and  a typical  charge  is  shown  in  Flats  II. 

With  tbs  3 in-  charge  a acre  information  was  obtained  by  using 
three  rings  of  (robes  instead  of  ana,  to  investigate  the  various 
velocities  as  a function  of  distance  from  oharge  axis.  In  this 
oaaa  tbs  probes  were  all  normal  to  the  surface  of  the  Tufnol  plate 
and  tbs  rings  hed  radii  of  0.25,  0.75  wed  1.25  ins.  Baob  ring 
was  oonaaotad  to  a asperate  oscillograph.  The  wire  event  was 
replaced  by  three  separate  wires,  one  along  a disaster  of  the 
oharge  and  the  other  two  parallel  to  the  first  but,  respectively, 
0.75  end  1.25  ins.  from  it.  The  trigger  event  was  used  to  trigger 
all  three  oscillographs.  Ocmplioatiana  arose  with  the  normal 
circuits  because  tbs  canon  earth  system  and  close  proximity  of 
leads  oauaad  all  the  pulses  to  appear  an  ell  tbs  oscillographs. 

Baoh  sat  of  events  had  a separate  event  box,  each  being  isolated 
from  the  others  and  the  earth  paints  in  each  being  oonneoted  to  the 
real  earth  point  through  a high  resistance.  All  the  boxes  bed  a 
■yametrioal  construction.  A separate  earth  to  tbs  plate  was  used 
with  each  sat  of  events  and  all  the  leads  of  one  set  were  twisted 
together.  Tbs  three  wire  events  wars  applied  to  the  grids  of  tbs 
tubas  of  all  three  oadllographa  to  allow  time  synchronisation. 

The  pulses  from  each  ring  of  probes  vara  applied  to  the  cathode  of 
saob  tube.  Probe  distances  of  2,  10,  25.  50,  200  and  UOO 
thousandths  of  an  inch  wars  used  with  these  charges.  A typical 
oharge  la  shown  in  Hate  IU. 

b.  Experimental 

It  seems  of  little  value  to  tabulate  the  sssa miremerta  mads  ooooarning  tba 
surf aoa  It  rnl  s asms  at  of  tba  stael  plats.  These  results  are  shown  graphically 
in  fi*t.  11  to  1b.  The  derivation  from  these  results  of  both  tba  ralmdty 
sad  amplitude  of  the  aheek-veva  reqpuires  discussion,  and  tba  waloas  obtained 
are  given  daring  tbs  dtaouaaloa  in  Table  IX. 

Tbw  foil  owing  observations  may  be  mads  on  the  dtspj,i  cement- time  graphs. 
The  oaaplieatiaos  introduced  by  tbs  fracture  process  asks  it  impossible  to 
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attach  fteadmt *1  aigpifleaao*  to  tb*  velocity  cf  the  nrftm  owr  tb#  whole 
dlitooi,  rtflt  tb*  blgptfloMiw  af  tb*  Initial  part  at  tb*  oam  1*  discussed 
below.  fb*  pnml  features  at  tb*  onreaa,  however,  a*a  b*  w— rlsed.  Tb* 

our***  taken  aur  tb*  •&•  at  tb*  oharg*  mar  tb»  first  200  z tcr3  in.  never 
•bo*  * narked  dUooatinaity  «t  eyy  point,  although,  if  *«  oonaidsr  tbo** 
plotted  owar  tt*  first  25  x 10-3  in. , then  c discontinuity  1*  detected  in 
several  ismi,  lb*  curves  era  either  lianas*  or  shew  * alight  deceleration 
atar  the  region  25  to  200  x 10“3  in. , tb*  latter  alternative  being  moat 
apparent  when  tb*  oharge  length  is  wall.  Tar  a given  charge  disaster,  tb* 
s£*Sp*a  of  tb*  curve#  b*ooae  greater  with  d*ar*a*ing  plat*  thickness  and 
increasing  length;  but  in  tb*  lattar  oa*e  they  tend  to  • meaclnaa  Talus,  equal 
to  tb*  initial  slop*,  so  that  tb*  affaot  of  length  is  arn.ll  after  tbo  ratio 
at  oharg*  length  to  diaaatar  baoaaea  approximately  two.  In  ganaral,  tb* 
alopea  do  not  noala;  far  example,  a 1 in.  long  by  1 in.  diaaatar  obargs 
against  * 1 in.  plat*  results  in  • swob  Mailer  velocity  than  does  a 2 in. 
long  by  2 in.  diaaatar  obargs  against  a 2 in.  plat*. 

In  our  experiments  involving  thro*  oonoontrio  ring*  of  probes,  ws  wars 
able  to  obtain  sen*  data  ocnosrning  tb*  variation  of  aurfaoa  velocity  with 
radial  distance  tram  tb*  oantre  of  tbo  plat**.  Tbo  three  dlstanosa  oboaan 
war*  0.25,  0.75  and  1.25  in. , and  in  ds scribing  tb*  results  it  will  be 
oonveniant  to  oall  tb*  sets  of  points,  oor responding  to  these  dlstanosa.  A, 

B and  0,  raspaotivsly.  Tba  results  are  shown  graphically  in  figs.  15  to  17* 

Only  ons  result  was  obtained  for  a 1 in.  plat*,  and  that  with  a obargs 
2 in*,  long.  Tbs  displace— ot-tlms  aurvas  show  that  the  points  A and  0 mem 
with  tb*  as**  linear  velocity  over  tbs  first  0.2  in.  After  this  tba  velocity 
of  A r«**ln»  oonstant  up  to  0.  A in. , but  tba  velocity  of  0 da  car  eases  slightly. 
A differ  anas  in  velocity  of  an*  point  on  tbs  surf  sea  relative  to  another 
indicates  s change  in  tba  curvature  at  tb*  piste  aurfaoa  with  tie*.  This 
affaot  la  independent  of  tbs  slight  aurfaoa  curvature  produced  by  tb*  non- 
planarity  of  tb*  shock-wave;  curvature  of  this  type  is  shown  by  tba 
diaplaoaawnt  of  tb*  curves  along  tba  tin*  axis.  Tba  measurements  accord 
with  tba  faot  that  tb*  final  scab  is  almost  flat  over  tba  region  of  tb*  probes. 

Tba  aurvas  for  tb*  2 in.  plates  iadioata  that  for  each  oharg*  length  tb* 
valoodtlaa  of  A,  B and  0 are  oonstant  and  *91*1  over  at  least  tbs  first 
0.05  in.,  although  tbslr  magnitudes  depend  on  tbs  o barge  length.  Hence  tb* 
plat*  surface,  over  tb*  area  of  msaanrement,  mows*  through  0.05  in.  without 

of  curvature.  Subsequently  tbs  velocities  decrease,  tb*  change  being 
greatest  far  points  0.  Tbs  results  far  tbs  A in.  long  charge  (fig.  160)  shew 
that  tb*  surface  b*ocmss  increasingly  curved  over  tba  distances  0.05  to  O.A  in. 
On  tba  other  bend,  tbs  differ* no#  in  velocity  between  points  A and  0,  for  an 
8 in.  long  obargs  (fig.  22d),  la  only  snail,  so  that  tbs  rata  of  increase  of 
ourveture  is  also  comparatively  small. 

Tba  velocities  of  points  A,  B end  0 in  tbs  ossa  of  tb*  3 in.  plates  are, 
for  aaob  l«*tb,  linear  and  aqpal  over  tbs  first  0.025  in.  As  tefere,  tba 
veloodtias  than  dwarnaae,  although  for  both  tbs  2 in.  and  d in.  long  charge* 
tbs  decrease  for  points  A 1*  qpdta  small.  Point*  0,  however,  undergo  an 
apcraoiabl*  drop  in  velocity,  followed  by  an  inoraaaa,  ao  that  after  0.06  in. 
tbslr  valooity  is  again  about  equal  to  that  of  A.  Tb*  affeot  is  observed  in 
both  oases  (ftga.  17*  and  17b). 

In  prseontiog  tb*  umiri— nt*  and*  an  tb*  damage  to  tba  plats,  w*  have 
tabulated  in  Table  TTX  tba  foUosisg  Hnnnl  mt*  - tba  diameter  of  tb*  bole 
left  by  tba  scab,  tb*  thickness  trf  tbs  scab  at  tba  edge,  tbs  thickness  of 
tba  scab  at  tbs  osatra,  and  tba  depth  of  tb*  orstar  formed  at  tb#  axplosiva- 
steel  Interface,  for  aaob  oaebination  of  obargs  and  plate.  Tb*  firat  three 
quantities  bee*  bean  arprsaead  as  tba  sewn  value  of  aavaral  — aauraawnta,  and 
sgw  nor*  then  on*  rnmtiln  of  any  particular  charge -plate  oaobination  baa 
beam  obtained,  tb*  vnlaas  given  are  a mean  far  tbasa  examples.  Tb*  srror 
asmociatad  with  tbs  aaab  thickness  maamrrsmrats  era  in  all  oaaas  * 0.05  am. 
and  in  tba  aratar  depth  about  I 0.02  am. , while  tba  scab  diameter  is  liable 
to  an  error  of  * 0.1  m. 


Flat* 
ItdOkHM 
(in*.  ) 


Depth  of 
Otaeter 

(OM.  ) 


"or  am  oh  oeee  ee  have  shewn  dUgraaaatiaelly  In  fige,  IB  to  23  a orose- 
aeotion  through  tha  plate  talon  along  a o barge  disaster,  in  order  to 
illustrate  the  aain  feature • of  the  dasage  pattern  obtained  in  the  steel. 

It  will  be  convenient  bare  to  suonarise  these  features. 

(1)  Tha  Ora  tar 

The  depth  of  tha  crater  et  any  paint  may  be  considered  as  e me* sure 
of  tbe  total  implies  applied  to  the  plate  at  that  paint,  A consideration 
of  Table  VU  aboaa  that  tbs  crater  depth,  whlofa  has  in  ell  oeaes  been 
measured  on  tbe  oberge  axis,  tends,  for  a given  o barge  diameter,  to  e 
Uniting  value,  wfadoh  ie  reached  when  the  ohargs  length  to  diameter 
ratio  beoaeea  eppreoiehly  greater  than  unity.  We  see  also  that  this 
limiting  value  la  approximately  proportional  to  the  o barge  diameter  and 
that  it  la  little  affected  by  the  plate  thioimesa  provided  this  ia  not 
very  swell  oonpered  with  tbe  oberge  diene  ter.  Moat  of  tbe  craters  ere 
oonioel  in  shape.  The  only  oeee  in  » biota  a direct  oonperiaon  aan  be 
aede  with  Rinehart's  results,  quoted  in  Tabla  I,  shoes  good  agreement. 


If  the  plate  t fad  oeaes  a to  oberge  diameter  ratio  is  maintained,  then 
tbe  aoeh  <H waiter  is  rougbly  proportional  to  tbe  oberge  diameter,  tbe 
footer  of  proportionality  being  about  1.5.  Tbe  diameter  deoreeaes 
imaeitat  with  daoraaelng  plate  thiokneea  for  a given  oberge  disaster 
but  appears  in  all  oases  to  be  independent  of  oberge  length.  Tbe 
variation  of  the  ratio  of  the  diameter  of  tbe  soab  bole  to  tbe  diameter 
of  tbs  obergt  ie  believed  to  be  due  to  two  oauaesi  firstly,  tbe 


lateral  expaasd m at  tbe  sboofcemtve  in  ths  steel  and,  wnwffly,  tbe 
extension  of  tbs  primary  mo abMag  ftmoturs  da*  to  tbs  KM>t«  of  tbs 
mb  after  this  fracture. 

(3)  tbs  8osb  thlgBBjMg 

this  <*jsntity  Is  of  particular  intsrsst  ss  it  osn  give  sn  indiastion 
of  tbs  steps  of  tbs  stress-ear*  propagated  through  tbs  plots.  It  is 
Mftlasabl*  thst  tbs  thickness  •**  tbs  edge  is  apprartmstely  constant  tor 
s given  plots  thickness,  regardless  of  tbs  obarga  used,  and  that  It  ia 
roughly  proportional  to  tba  plats  thickness.  Further,  provided  tbs 
charge  diameter  doss  not  sxossd  tbs  plate  thickness,  tbs  sosb  thioknsna 
is  roughly  uniform  error  tbs  sosb  srsa.  On  tbs  other  hand,  whan  tbs 
charge  die— tar  is  greeter  than  the  plats  tbiokasss,  tbs  soab  is  by  no 
mm ns  of  uniform  tbiokasss  sad  is  mi  oh  thicker  st  tbs  osntra.  the 
tbiokasss  st  tbs  osntrs  is  dspsadsnt  on  both  obsrgs  length  and  disaster 
and  there  is  same  indication  thst  it  rasobss  a maxima)  Talus  st  oonstsnt 
diameter  shea  tbs  ratio  of  oherge  length  to  diameter  becomes  grsatsr 
than  unity. 

In  addition  to  tbs  main  scabbing  surface,  other  fracture  surface » 
a re  often  developed  in  tba  piste.  In  particular  it  mas  noticed  in  the 
3 in.  plates  thst  fractures  parallel  to  tba  mein  scabbing  surface  are 
evident  and  are  particularly  well  developed  with  tbs  laager  charge. 

In  general  the  fracture  surfaces  are  ooersely  crystalline  in 
appesrence  for  the  aeterial  cut  from  bar.  In  tba  few  oases  where  the 
steel  was  out  free*  1 in.  plate,  tbs  fracture  surfaces  are  not  crystalline 
in  appearance  and  seas)  to  folios  definite  planes  in  tbe  material.  The 
edgaa  at  tba  aaaba  are  of  the  earns  appearance  aa  tbe  scabbing  surface, 
suggesting  that  they  are  the  result  of  tensile  breaks;  this  may  be 
cohered  with  the  edges  at  soabs  obtained  from  armour  plate,  shioh  are 
typical,  in  appearance,  of  shearing  fractures.  In  s few  oeses  s well 
defined  surfeoe  of  finely  crystalline  appearance  occurs  in  tbe  centre  of 
tbe  scabbing  surface  area.  This  is  so  only  for  the  larger  ohsrges, 
and  it  is  possible  thst  tbe  fracture  here  ooours  in  e severely  'odd  worked' 
region. 


5*  Discussion  of  Basalts 

It  bee  been  shown  above  thst  when  e piece  of  mild  steel  ia  mibjeoted  to 
a transient  stress  wave  tbs  amplitude  at  which  Is  ouoh  greater  than  the 
dyasedo  yield  stress  (Ip),  two  discontinuities  are  propagated  into  tbe  steel. 
Tte  first  of  these  baa  an  emplitude  equal  to  tbe  dynamic  yield  stress  and 
its  velocity  la  equal  to  tba  elastic  wavs  velocity  (T«).  This  is  followed 
by  a as  coral  wave  which  is  ataep  fronted,  at  amplitude  which  continually 
diminishes  with  distance  travelled,  end  bee  a velocity  which  ia  leas  than  V, 
sad  is  s function  of  tbs  mHAitud*. 


It  Is  no  Dsoeaaary  to  oonsidtr  whst  happens  whan  s strsss  wave  at  this 
CLnd  reaobss  s frws  surf  son,  as  ia  our  experiments.  For  s plans  discontinuity 
jf  finite  ooaparw  a si  va  stress  approaching  s free  surface  normally,  tbs 
Madman  of  sere  pressure  at  tbe  surface  requires  that  tbs  oomprsssive 
i trees  should  be  reflected  normally  as  a tension  of  equal  magnitude  and  thus 
result  in  e *"g  of  tbe  particle  velocity  in  the  region  through  whioh  the 

tension  has  travelled.  Provided  that  tbe  oempreaaive  stress  is  maintained 
La  Mplitads,  the  sorfeo*  will  move  cut  with  a constant  velocity  equal  to 
kwloe  tbe  particle  velocity  associated  with  tbe  seme  straaa  were  before 
reflection  (19).  Applying  the  ardent  to  ourparticulmroasein  vhiofa  a 
Hi  soon  t lenity  of  maintained  smplitude  equal  to  Ip  is  foUowedby  a 
Maocntlauity  of  such  greater  wplltwtde  p,  which  it  i*^*^  ^* 
if  is  seen  thst  tba  aurfaoa  will  first  move  with  a velocity  deterainsd  by 
tp  sod  aubseqpently  chsngs  its  velocity  abruptly  to  ana  determined  by  p. 
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fhU  1*  atwwa  grepfaioeU ly  in  fig.  24,  in  wtaiob  aurfhoe  rtlaplartmssn*  in  plotted 
•Cniact  tin*}  the  duplxtae ant  anro  In  taken  an  tba  inltlnl  position  at  Ihn 
aurfnoe  nod  the  tins  nnro  in  arbitrary. 

Tbn  time  interval  ta  - tg  represents  the  tine  between  thn  arrival  of  tba 
two  dleocntioultiaa  n*  tbn  surface  nod  depends  upon  tbn  dintnnon  travelled 
through  tbn  pint**  Tbn  slopes  Vint  mod  TfQ,  representing  tbn  surfton 
velocity  dun  to  reflection  of  tbn  nlnntlo  an  nnd  ebook  worn  respectively, 
ern  given  by 

*1*  «*«* 

*re  » * “s 

where  ug  end  03  nrn  the  partial#  velocities  associated  Kith  the  nlnetio  neve 
end  the  ebook  neve.  It  hen  been  seen  that , in  general  a arose  e discontinuity, 


eo  that  wo  nay  write 


P « 


Vw  - ajb 

Oo’k 


where  in  the  a so and  equation  w*  bare  neglected  any  of  feat  due  to  tbs  elastic 
we  we. 

It  will  now  be  oonwenient  to  taka  an  explicit  example.  Let  a single 
plana  discontinuity  at  finite  ooepreaaiwe  and  aaintained  etraee  p (where  p 
»Tq)  be  initiated  at  tiaa  t ■ 0,  at  it  dietanon  d from  a free  surface  so  that 
it  propagates  normally  towards  it.  Tba  discontinuity  will  be  divided  into 
two  parts,  being  the  elastic  and  shook  waves,  as  we  haws  seen.  Using  the 
following  data,  in  ■ hi  oh  the  choice  of  U and  p is  dictated  by  experimental 
results 

Vg  » 6000  au/aao. 

Tjj  * to10  dyneVasu^ 

U . 5000  su/neo. 
p * 10”  dyneVas.2 
P0  - 7.BJ  g./cm.J 
d * 5.00  cats. 


it  is  found  thstt- 

tg  • 33  adoroaeoonds 

tg  m 10.00  aioroseoends 
Vgg  • 42-5  nw/neo. 
a 512  •./•eo. 

Tbs  ill  apleoaeact  of  tba  surface  at  time  tg  is  thus  8 a 6.4  x 10 amn. , 
and  in  gaiMrel  3 in  directly  proportional  to  d.  Wo  hows  throughout 
neglected  the  effbot  of  tbn  olootie  wove  on  tbn  shook  wave  sad  oonnidsr  any 
error  ao  introduced  to  bn  negligible.  It  foUowa  Amos  those  consideration* 
that  given  d sad  knowing  «*  dfplsmmsat-tlsm  carve  reUtitw  to 
t • 0,  we  nny  cslaulst*  ?g,  0,  Xj>  sad  p.  On  the  other  band,  if  »»  hew* 
points  only  ©war  the  range  determined  by  tbn  shook  wave,  than  tea  atnatt 
directly  determine  tba  value  0 from  our  graph.  We  may,  however,  flrem 
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assumed  values  of  % and  Id,  aawlawt  the  'elsstio  part*  at  tbe  graph  and 
thaww  by  extrapolation  of  tbe  ’ebook  «n  part1  «•  can  oaloulate  U. 
northerners,  mu  though  tha  ▼aloes  of  ?*  and  Yd  may  be  somewhat  unoertsin, 
tbe  error  introduced  Into  the  tiae  oo-erdimte  of  the  Intervention  of  tbe 
t*o  parts  of  tbe  own  (%)  is  ocnsiderehly  waller.  We  have  taken  as  an 
esanple  tbe  values 

Ijl  a 6000  */n«i  iVg  • t 100  au/seo. 

Ij)  a 1010  4jnr»V<*»-2*  Aljj  a J 0.4  x 10l°  dyna%fa**2 

t bar*  fora  Tyj  a 42.5  *./naej  ■ 1 18  au/aeo. 

and  thence  have  ebown  graphically  that 

dtg  a t 0.06  sS. 

Zn  general,  it  foil  oaa  that  0 will  not  be  In  error  by  acre  than  O.^jt  from 
this  cause. 

The  ay  at  an  so  far  dealt  with  la  an  idaalised  one.  In  our  experiments  we 
here  detonated  a charge  of  explosive  of  finite  dimensions  against  a steel 
plate  also  of  finite  dimensions.  Ve  hare  reoar  dad  what  we  consider  to  be  tbe 
arrival  of  the  detonation  wave  at  tbe  plate  surface,  ir  the  oentre  of  the 
charge,  end  referred  to  this  sero  of  tine  we  have  re  oor  dad  the  arrival  of  the 
further  plate  surface  at  paints  of  predetermined  distance  ftran  its  initial 
position  and  scnewhet  displaosd  from  tbs  oharg*  axis.  Ws  do  not  doubt  that 
tbs  lateral  dimensions  at  tbe  plates  in  all  our  experiments  ere  effectively 
infinite.  The  length  of  tbe  charge  introduces  a non-planarity  into  tbs 
detonation  wave  end  therefore  also  into  tbe  stress  wave  through  the  {date. 

As  a result  tbe  aurfsoe  of  tbe  plate  novas  first  on  tbe  axis  of  tbs  charge  end 
subsequently  at  distances  fraa  this  axle.  Wo  correct  for  this  effect  by 
determining  graphically  tbe  difference  between  tbs  tines  of  arrival  of  tbe 
ebook  wave  at  the  surfaoe,  on  the  axis  and  at  distances  3 nma.  and  6 au.  fraa 
it.  These  distances  correspond  to  tbe  redial  displacement*  at  which  ws 
Measured  tbs  surfaoe  velocity  in  two  seta  of  experiments.  The  calculation 
is  amis  for  esoh  ohargs  and  plate  oanblnetlon,  asm  wring  values  of  tbe 
detonation  vwloaity  Vj>  * 7800  au/ sec.  and  shock-wave  U a 3000  au/seo. , and 
using  Buygen's  construction  for  the  wave  propagations.  The  time  difference 
is  then  subtracted  from  our  experimentally  determined  tine  of  arrival  of  tbe 
shook  wave  at  tbi  plate  surfaoe,  to  give  tbe  true  time  of  traverse  through 
tbs  plate.  Tbs  oorreaticn  is  snail  and  in  most  oaaaa  lssa  than  0.03  sdaro- 
aeoonda*  Ws  belie*#  that  any  non-planarity  of  tbs  wave  will  not  sufficiently 
affect  tbe  elaetio  wave  velocity  to  introduce  any  appreciable  error  into  our 
net  bed  at  shock-wave  vwloaity  calculation. 

The  good  agreement  found  between  tbe  theoretical  and  experimental  times 
of  arrival  of  tbe  detonation  wave  at  distances  displaced  from  tbe  charge  axle 
is  good  evidence  that  tbe  time  aero  le  roc  cried  oorreotly.  Table  TUI  above 
tbs  times  of  arrival  of  tbe  detonation  wave  at  diatanoea,  d,  fraa  tbe  axis  of 
a cylinder  of  explosive  2 ins.  long  end  3 in*,  diameter,  detonated  centrally 
at  one  end. 


Table  fin 


d (lna.) 

Time  («X| 

marine  ratal) 

Tins  (theoretical) 
(nS) 

0 

3 

0 

0.75 

0.43 

0.44 

1.25 

. ' 

1.19 

1.17 

We  oonoludt  that  ary  error  in  tbs  time  aero  is  &ts  to  tbe  rwoardiag 
technique  end  is  shout  - 0.01  ndoroeeooode. 
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Oar  method  of  shook  mm  velocity  determination  depends  upon  an 
extrapolation  of  tbs  surface  displacement,  Aw  to  ebook-wave  reflection,  book 
to  to*  tin*  tg  corresponding  to  a displacement  in  the  two- inch  plots  aaao  of 
•bout  6.4  X 1 (T*  on*.  Keen  in  thoso  «mi  where  «e  hove  measured  the 
displacement  titao  at  5 x 10“*  in.  intervals,  in  order  to  sake  tbs  extrapo- 
lation wa  must  be  able  to  assume  that  the  our  re  la  approximately  linear  over 
the  firat  three  or  four  points,  if  we  are  to  obtain  reasonable  eoouraqy  in 
our  result.  This  is  particularly  true  in  view  of  the  substantial  error 
associated  with  the  displeoeaent  measurement.  In.  general  the  inaoouraay  in 
the  looetion  of  the  probes  used  must  be  at  least  i 0.5  x 10~*  in.,  and  using 
this  value  we  have  estimated  graphioally  that  the  error  in  determining  e time 
ao-erdinata  by  linear  extrapolation  is  about  0.03  mieroseoenda. 

In  order  to  determine  hew  far  the  aurvs  ia  likely  to  be  linear,  that  la, 
bow  long  the  taaxlaua  stress  in  the  shook  wave  will  be  maintained,  m oust 
consider  the  phenoaenon  of  scabbing.  This  has  been  discussed  above.  The 
point  of  import  a nos  ia  that  in  the  tine  taken  for  the  sbook-wave  to  travel 
twioe  the  thickness  of  the  soab , the  pressure  must  have  fallen  by  an  amount 
equal  to  tba  tensile  strength  of  the  material;  the  statement  neglects 
attenuation  of  the  shook  front  at  tba  surfs oe  but  remains  approximately  true. 
Fear  plats*  2 ins.  thlok  we  have  never  observed  s value  of  soeb  thickness  less 
than  0,40  ana.,  and  using  this  value  we  find  that  the  time  taken  to  fall  by 
about  1010  dym«/cn+2,  which  la  an  approximate  value  of  the  dynamic  tenaile 
strength  given  by  Rinehart  (5).  is  about  0.7  sdoroaeoenda.  Assuming  a 
stress  at  the  wave  front  of  10' 1 Aynas/ at* we  oonolude  that  in  this  oase 
the  stress  falls  from  10’1  to  0.9  x 1 01 1 dynea/am. 2 0,7  miaroseoonds,  the 

corresponding  face  velocities  being  MX)  and  430  au/eeo.  respectively.  In 
this  time  the  surface  will  have  been  dieplaoed  by  12  x 10“3  in.  We  may 
expect  then  that  tba  displacement  curve  will  be  approximately  linear  over  at 
least  this  distance,  and  a linear  extrapolation  over  this  distance  ia 
justified.  Subsequent  behaviour  is  complicated  by  the  fracture  process,  >ml 
we  ere  unable  to  derive  ttie  expected  surface  behaviour  at  later  times.  The 
oon  si  derations  given,  however,  Justify  our  extrapolating  from  measurements 
os da  st  5 x ICrJ  in.  intervals  over  the  first  25  X 10" 3 in.  On  the  other 
hand,  if  our  first  measurement  ia  mads  at  25  x 10"3  in. , we  have  no 
Justification  far  extrapolation  unless  we  have  determined  mapirioeUy  the 
shape  of  the  curve  over  the  first  25  x 10“3  in;  even  then  our  extrapolation 
is  liable  to  considerable  error. 

In  addition  to  the  experimental  errors  already  discussed,  we  have  an 
uncertainty  in  the  absolute  value  of  tba  displacement.  Tba  probe  a tbara- 
aalvea  are  placed  at  intervale  which  we  here  stated  a*  subject  to  eh  error 
of  1 0.5  x 10“3  in. , but  owing  to  the  method  of  support,  there  ia  a 
probability  that  tba  whole  probe  system  may  be  moved  relative  to  the  plate 
surface  after  setting  up  tbs  experiment.  This  is  likely  to  introduce  an 
error  of  t 1 x 10“3  in.  in  the  absolute  displacement  value,  with  a resultant 
error  of  £ 0.05  sd arose 00 nds  in  the  time  determination. 

From  our  experimental  results  we  have  selected  those  asses  far  which 
we  deem  Justified  e linear  extrapolation  of  the  displacement  curves,  sad  for 
these  oemee  we  have  made  the  correct  ions  indicated  and  determined  shook  wave 
velocities  by  the  seat  bod  described.  We  consider  that  our  overall 

error  will  be  about  1 0.06  sdoroaeoenda,  corresponding  to  an 
error  of  t 60  su/eeo. , t 40  m./aeo,  end  t 30  au/aeo. , for  determinations 
over  1 in. , 2 ins,  and  3 ins.  respectively.  The  values  wa  obtain  are  abtmx 
in  Table  XX.  Of  these  values  the  nine  starred  ones  were  obtained  from 
ourvws  measured  over  5x1 0* 3 in.  intervale  and  are  tbe  moot  reliable*  The 
initial  faow  velooitlee  over  tba  Unear  pert  and  tba  oor responding  atreaaaa 
•a  cod  aula  ted  from  tba  aquation 
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oslas  the  theoretical  values  at  0 obtainad  ft roe  oar  plotted  0(p)  curve,  are 
a**®  •$f2  tb*  *•»  •ww*  **»o dated  with  these  values  are  of  ths 

ordR*  * tbs  charge  •»*  pint*  cash  lost!  atm  with  whiata  our  values  are 

sseoeiated  ere  abeam  with  approdmte  odXj. 


table  IX 


/ImfaaMUKm 

Length 

(inn.) 

Charge 

Diameter 

(las.) 

Flats 

Tfajoknesa 

0 

(m_/eeo.) 

(au/aeo. ) 

P 

(dyneVoa-2  * 1010) 

6 

3 

3 

4980  X 

425 

7.9 

2 

3 

3 

4880 

260 

W7 

8 

3 

2 

3040  X 

594 

11.4 

4 

3 

2 

5030  X 

592 

11.4 

2 

3 

1 

4890 

514 

9.6 

3 

2 

2 

4950  X 

645 

12.3 

2 

2 

2 

4970  X 

545 

10.3 

1.5 

2 

2 

4890  X 

268 

4.9 

4 

2 

1 

3020 

630 

12.0 

4 

2 

1 

4960 

615 

11.7 

3 

2 

1 

4930 

670 

12.7 

2 

2 

1 

5010  X 

630 

12.0 

3 

2 

0.3 

- 

900 

17.6 

3 

2 

0.2 

- 

1180 

23.6 

3 

1 

1 

4790  X 

422 

7.9 

3 

1 

1 

4790  X 

445 

8.3 

Ooos&deration  of  tbe  atarrwd  value*  given  shoes  that  in  six  mmi  tha 
ahookHMva  velooitlea  lie  between  the  values  4950  and  3040  m./eeo.  and  do 
not  deviate  fra*  a man  value  of  3000  a./eeo.  by  significantly  acre  than  the 
anticipated  experimental  error.  It  is  noteworthy  that  in  these  oeaea  tha 
atraaa  values  lie  within  the  range  10.3  - 12.3  * 1010  djrnes/am. 2 eioapt  in 
tba  ana  oaaa  of  a 3 in.  plate.  Of  tbe  remaining  values  two,  determined 
under  tbe  anae  conditions,  have  a value  4790  m./s*c.  with  associated 
pressures  of  7*9  end  8.3  x 10’°  dynee/ae.^,  while  tbe  third  with  a value 
4i90a./a#e.  oorrespooda  to  a preaaur*  of  4.9  * 10*°  This 

indicates  that  the  *hoak~v*ve  velocity  dears eeee  with  pressure,  ee  is 
theoretically  expected,  and  benoa  our  aeasured  shook'  wave  valooitiea  represent 
a assn  value  of  tbe  sot  uni  velocity  over  the  distance  wee  tired. 

*e  a ay  ooepere  tha  oaaea  of  attack  of  1 in.  and  2 In.  plates  by  abargaa 
2 In.  lone  and  2 in.  dimeter.  We  will  asaune  that  oooditiooe,  apart  free 

the  plat#  tbdokassa,  ere  identical  in  tbe  ten  oeaea.  We  tno»  then  that  tbe 
stress  fell*  hy  only  a —11  amount,  namely,  from  12.0  to  10.3  * 1010  dyn me/amJ2, 
over  tbe  second  inob  of  travel,  end  may  teas  it  to  beve  a assn  value  of 
11.1  x 101c  dr>»%^oa.d  over  that  dietenoe.  If  we  sea—  that  the  assn 


vwlocltie*  do  no*  significantly  differ  Aran  5000  m./a*a.  aver  both  tb*  1 in, 
end  Z in.  diaton an,  we  ocwolnde  that  tbe  ebook-neve  valoaity  at  11.1  x 1010 
Ognaa^m,2  ia  no*  significantly  different  frcn  5000  m./aeo.  On  tba  other 
band,  if  «a  accept  our  glam  value*  exactly,  we  find  that  the  velocity  at  tbia 
siireea  ia  4940  aw/ae®.  Applying  tba  latter  aetbod  in  a adbeilar  any  to  tba 
o»m»  of  attack  of  2 la.  and  } in.  pUtea  by  ohargss  8 ina.  long  and  5 In*. 
dharttf,  w find  that  the  ebook  aava  velocity  at  a man  value  of  9-6  x to*  ' 
djmon/oa.2  i»  4870  a. /a# e.  Wo  consider  tbaaa  value*  to  be  Just  aignifioantly 

greater  than  tba  oar roo ponding  tbecsretloal  cnee  of  4850  *./**©.  and  4790 
au/aao.  respectively. 

Wa  a*y  not*  also  that  tba  experimental  velocity  of  4790  nu/aec.  corresponds 
to  a pressure  of  8.1  x 10*°  dynevcau2,  at  wtatota  tba  tbearatioal  velocity  ia 
4-750  m./*eo. , and  that  aben  the  experiments!  valoaity  is  4690  au/aeo*  tba 
pra enure  ia  4.9  * 1011  dynaa/aa.2  and  tbaoratioal  velocity  4650  m./aeo.  Tbs 
experiments  in  Wdob  obargaa  ) ins.  long  and  2 ins.  in  disaster  vara  fired 
against  auob  thinner  pistes,  are  included  in  tba  table.  Unfortunately,  in 
tbaaa  Oases  tba  shook  vava  velocity  can  not  be  calculated  with  great  aoouraqy 
beoa Kse  of  axpariasntal  lisdtationa,  but  tba  aurfaoa  velocity  oen  be  obtained 
and  tba  pressure  calculated  a*  described  above  using  tbe  theoretical  shook 
vava  velocity.  These  are  included  in  tba  table.  It  oen  be  aaan  that  tbs 
pressure  in  tbe  ebook  save  falls  quite  rapidly  in  tbe  first  half  inch  of  travel 
and  is  than  fairly  constant  for  saaa  distance  (fig.  25).  It  is  significant 
that  the  first  rapid  decrease  in  pressure  ooours  in  tbe  region  which  sheas 
olesr  evidence  of  severe  working.  It  oen  also  be  seen  why  the  shook  wave 
velocity  seems  to  be  not  very  dependant  on  plate  thickness  sinoe  tbe  Measured 
velocity  ia  the  Mean  one  given  by 
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where  T ie  tbs  distance  travelled. 

Tbe  nsasureoB nte  on  the  redial  variation  of  aurfaoa  velocity  have  shown 
that  in  aqy  particular  case  tbe  initial  velocities  of  all  points,  in  tba 
region  Measured,  are  tbe  mm*.  In  these  esses,  therefore,  we  May  conclude 
that  the  s hook-wavs  amplitude  ia  constant  over  redial  distances  of  at  least 
1.25  in.  Tbs  subsequent  velocity  changes  associated  with  curvature  of  tbe 
soeb  in  tbia  region  ere  undoubtedly  e result  of  tba  prooeases  occurring  nearer 
to  and  at  tba  sosb  edge,  where  there  oust  be  a aurfaoa  valoaity  gradient. 

Tbe  fracturing  of  tbe  sosb  edge,  and  also  any  extension  of  tbe  p riser y fracture 
which  Might  be  involved,  both  require  energy  whioh  oust  be  withdrawn  free*  tba 
energy  trapped  In  tbe  scab  by  tba  priaary  scabbing  prooass,  Henoe  tba  final 
valoaity,  after  it  beoanse  completely  detached,  will  be  determined  by  these 
ef  fsota  as  well  as  by  tbs  m amt  of  energy  initially  trapped.  If  tbe  amount 
of  work  required  to  pro&toe  tba  fractures  l*  greater  than  tbia  energy,  than 
tba  aoab  will  not  oaspletaly  asperate  from  tbe  plate,  a»  shown  in  fig.  18a. 

On  tbe  otbar  hand,  tbe  work  required  ia  clearly  related  to  tba  aoab  ainxm- 
fersnoa,  and  if  we  oould  find  a way  of  ocoowet  rating  into  a wall, ar  region  tbe 
energy  supplied  by  tba  explosive  to  tba  plate,  wa  afaould  mooed  in  producing 
a mailer  scab  and  probably  a given  obarge  would  than  be  able  to  taut  • aoab 
to  be  detaobed  fine a a thicker  plats,  daw  kind  of  wave-shaping  aigbt  bt 
affective  in  this  raapeo*. 

When  a aoab  finally  beoowaa  dataobad  firm  a plate,  every  point  on  it  naat 
aovw  with  tbs  mbs*  valoaity,  so  that  at  acne  stags  daring  its  fomstfcm  it 
booms  probable  that  peduut*  mar  tba  edgs  will  ba  eooalemted  at  tba  expanse  of 
saargy  frm  tba  oaatre  part  of  tba  aoab.  Tba  behaviour  of  the  oorvea  peoallar 
to  tb*  0 points  of  tba  } ia*  plates  nay  be  attvibatabl*  to  thin  efftK*# 
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V*  tr*  not  Mac*  of  any  previous  UMOirnrnnf  of  eoub  tuioknaaa  wt&oo 
showed  tbat  this  qisaiti ty  amt  «rjr  oonmidirwbly  along  tbe  soab  radius 
(i.e.  perpondloular  to  tbs  charge  sods).  this  la  probably  due  to  tbs  fact 
that  meet  of  tbs  prsriaua  work  on  scabbing  bss  involved  obargs  disaster#  act 
■nob  gras  tar  tbsn  tbs  plats  t hlokaa  ae.  Under  tbsss  oonditlons  it  la  true  to 

Mg'  tt»t  tbs  soab  tteioknea#  Is  fairly  uniform,  On  tbs  otbsr  hand,  as 
figs.  18  to  23  dearly  show,  aosb  tteioknea a Is  in  general  by  no  mean*  uni  for*. 

fa  bars  assn  tbst  tbs  aosb  t tel  okas  as  is  s as  a sure  of  tbs  Initial  slope 
of  tbs  stress  4i.plaoen.nt  curve  behind  tbs  shook  front.  Knowing  tbs 
amplitude  at  tbs  front,  ws  nay  tbsrsfors  oonstruot  tbs  first  part  of  tbs 
strsas  dlsplaosMint  ourrs,  in  any  pnrtioulsr  ossa,  along  a line  through  the 
stssl  parallel  with  tbs  obsrgs  axis  and  at  a time  ocr responding  to  tbs  acnwnt 
of  r« flection.  By  tbs  tars  "first  part*  we  wean  orsr  a distance  equal  to 
twioe  tbs  sash  ttoakness  taker,  along  tbs  lias.  Tbs  ourrs  so  oonstruotsd  will 
not  exactly  represent  p by  stool  oonditlons  os  leg  to  tbs  several  assumptions 
iwpliait  in  tbs  wet  bod  of  drawing  it,  but  it  must  have  real  qualitative 
dgnifloknoe.  Henoa  it  is  useful  to  construct  and  compare  such  curve e along 
s charge  axis  for  two  thioknessea  of  plats  attacked  by  similar  obargea. 
fig,  26  shows  tbs  result  of  tbs  oonstruot  ion  for  the  case  of  tbs  attack  of 
1 in.  and  2 <««-  plates  by  obex  get  2 ins.  long  and  2 iua.  disaster,  thereby 
indioatlng  tbs  general  obsngs  in  shape  of  a given  stress  wave  as  it  proceeds 
further  into  tbe  steel.  We  assume  tbs  asms  sbapsd  wave  front  as  previously 
far  tbs  asks  of  ooaaistsnoy,  and  using  tbs  values  given  for  stress  and  soab 
tbdoknaaa  in  Tables  IX  and  Til,  we  then  plot  tbe  stress  curve  a book  to  s 
dietenM  from  tbe  front  equal  to  twioe  tbe  soab  thickness.  Bsoalling  tbe 
work  of  Hill  and  Paok  (16),  we  expeat  the  axlsl  pro  a mire  about  1 in.  behind 
tbe  detonation  front  to  be,  in  our  ossa,  about  one  third  of  tbe  peak  pressure. 
Our  measurements  on  tbs  shook  wave  would  suggest  by  themselves  that  tbe 
initial  pressure  in  tbe  shook  wave  ia  of  tbs  order  of  30  x 10*0  dyne  ./as, 2 . 

This  figure  ia  in  quite  good  agreement  with  that  of  28.3  x 1010  dynes/a*.2 
quoted  by  Paok,  Ivans  and  Jamas  (9)  and  obtained  from  the  detonation 
pressure  of  plaatio  explosive  (to. 3 x 10*0  dyrma/csu2).  Thus  the  pressure 

1 in.  behind  tbs  detonation  front  ia  about  3 * 10*°  djraee/ cm. 2.  3inoe  the 

accdo  veloolty  in  tbe  explosive  and  tbs  shook  wove  velocity  are  not  greatly 
different  we  may  assume,  for  this  vary  qualitative  treatment,  that  whan  the 
■book  front  baa  travailed  1 in.  into  tbe  steel  plate,  tbe  pressure  at  the 
Interface  will  beve  fallen  to  about  9 x 10*°  dynea/om. 2;  by  similar 
reasoning  it  ia  found  that  ebon  tbs  shook  wavs  baa  travailed  2 ins.  into  tbe 
stwal  piste  tbs  pressure  et  tbe  interface  will  have  dropped  to  about 

2 x 10*0  dynea/am.2.  Using  those  values  approximate  stress-time  curves  have 
been  aketobed  in  fig.  26.  Tbe  third  curve  in  fig.  26  wae  obtained  for  a 
obargs  3 ins.  diameter  end  2 ins.  long  against  s piste  3 ins.,  thiok.  The 
results  are  not  directly  comparable  but  give  an  indication  at  the  change  in 
abape  of  tbs  stress- time  curve. 

It  bee  been  pointed  out  above  that  unloading  will  take  plaoe  in  the 
steel  piste  in  s direction  at  right  angles  to  the  direction  of  propagation  of 
tbs  shook  wave.  Clearly,  tbe  unloading  effect  will  increase  as  the  ratio  of 
obargs  diameter  to  plats  thioknsaa  dsorwaaea.  At  tbs  aoeb  edge  it  ia 
reasonable  to  assume  that  unloading  effects  are  almost  independent  of  this 
last  ratio  and  are  independent  also  of  tbs  obargs  length.  We  find,  in  feet , 
tbst  tbe  soab  thidcasss  at  tbs  adgs  is  almost  constant  for  a given  plate 
thickness.  Tbs  results  also  imply  tbst  the  slops,  behind  tbs  shook  front 
at  tbs  aosb  sdgs,  da  eras  sea  with  inarea  sing  distance  travelled.  Further,  we 
expect  %be  aosb  thickness  at  tbe  centre  to  be  depandent  both  an  the  charge 
diameter  to  piste  thickness  ratio  and  an  tba  obsrgs  length  up  to  tbs  value  for 
which  it  beoases  effectively  infinite.  Our  results  conf-a-m  these  expectation*, 
ami  it  Is  interest!!*  to  note  tbst  ebon  these  two  values  tend  to  tbe  minlsua 
required  fat  urn  .cabbing  st  all,  »o  that  unloading  affect,  due  to  both  tbe 
finite  length  of  tbe  ahergt  end  tbe  lateral  unloading  in  tbs  piste  became  a 
maxi—,  then  tbe  soab  thickness  st  tbe  centre  tends  to  * adnl—  vslue  eqwt 
to  tbs  tteioknea*  st  tbs  edge.  This  type  of  unloading  in  which  the  unloading 
wave  move,  faster  then,  sad  so  attenuates,  tba  shook  front,  is  to  be 
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mtraatied  with  the  unloading  of  the  detonation  wave  in  which  the  unloading 
nre  travels  with  a velooity  determined  by  the  sonio  velocity  in  the 
ttonation  products  according  to  the  Chapman-J ouge t condition  and  which  ia 
>t  greater  than  the  detonation  velooity. 

Ye  have  negleoted  any  effect  due  to  reflection  of  the  elastic  part  of 
ia  wavs  front.  Since  its  amplitude  ia  maintained  it  must  alter  the 
;reeaes  behind  the  front  all  by  the  same  amount  and  will  not  therefore  alter 
>o  slope  of  the  curv',,  so  that  our  previous  conclusions  hold  good.  Further, 
ring  tci  its  small  amplitude,  it  seems  unlikely  that  the  reflection  of  the 
.astio  front  alone  could  ever  lead  to  the  formation  of  a fracture  surface. 

Finally,  we  may  say  something  about  the  other  fractures  observed  in  the 
&te.  We  have  to  remember  that  the  total  variation  with  time  of  the 
rcsa-pattsm  in  the  plate  ia  oanplioated  not  only  by  the  primary  reflection 
t*he  free  surface  but  also  by  both  the  fracture  prooess  and  subsequent 
p-tipie  reflections  from  the  plate  boundaries.  On  the  other  hand,  the  rate 
attenuation  of  the  shock  wave  is  probably  sufficient  to  make  any  reflection 
the  tension  wave  from  the  explosive  steal  interface  of  little  effect  on 
® fracture  pattern.  The  moat  important  effeot  will  probably  be  at  the 
-Itiai  fraoture  surface,  since  in  many  oases  the  material  behind  this  surface 
11  still  be  highly  stressed  after  the  moment  of  fraoture.  The  fraoture 
ooesa  itself  will  undoubtedly  oontribute  to  the  relief  of  thiB  stress,  but 
ia  likely  that  reflection  of  the  first  type  will  occur  at  the  new  surface 
id  further  scabbing  surfaces  be  obtained.  Suoh  an  effeot  would  explain  the 
cond  scabbing  surface,  which  ia  particularly  evident  in  fig.  23b  and 
veloped  to  some  extent  in  other  cases;  it  would  also  account  far  the  loss 
layers  of  metal  not  associated  with  the  main  scab,  particularly  notioed 
the  centre  of  the  scab  region. 

The  1 in.  plates  attacked  by  charges  3 in.  diameter  are  exceptional  in 
ving  a hole  punohed  right  through.  The  edge  of  this  hole  appears  to  be 
e result  of  a shearing  fraoture,  and  the  complications  introduced  by  this 
feet  might  be  the  cause  of  the  scabbing  aurfaoes  which  are  observed  in 
osa  08898.  In  every  other  oaae  fraoture  aurfaoes  are  not  observed  within 
s primary  scab,  and  a consideration  of  the  scabbing  mechanism  shows  that 
tob  a fraoture  oannot  be  expected.  If,  as  is  probable  in  these 
looptioiwl  cases,  the  conditions  for  scabbing  have  not  been  attained  by 
le  time  the  refloated  tension  wave  has  reached  the  explosive  steel 
lterf*08'  then  this  wave  will  be  strongly  reflected  as  a compression  wave 
id  can  subsequently  oause  scabbing  at  the  other  surface.  Under  these 
iroumstanoes  the  nature  of  the  soab  will  be  different  from  that  where 
tabbing  i-*  a direct  result  of  the  first  stress  reflection. 

Tba  above  discussion  presents  little  more  than  qualitative  views,  but 
agreement  with  available  theoretical  data  on  stresses  and  shock  waves 
gi^prlaingly  good  and  does  suggest  that  a more  thorough  and  detailed 
^ might  produce  same  very  useful  information  about  the  equation  of  state 
f #oiid0  and  the  conditions  within  the  detonation  wave. 

yfyg  general  scab  characteristics  are  generally  in  agreement  with  the 

. d theories  of  shock  wave  propagation;  they  agree  very  roughly  with 
I the  empirical  rules  that  have  been  suggested.  It  is  clear  that 

^jtioal  ratio  of  oharge  diameter  to  plate  thickness  for  scabbing  is 
p <tQ  j»teral  unloading  in  the  plate,  but  it  is  difficult  to  see  how  this 
9 t>*  pr^aBted.  In  acme  oases  lateral  fractures  are  present  without 
**  ^oah  having  bean  fully  detached;  this  ia  because  the  scab  energy  has 
9 n <jai>pl« tely  expended  in  fracturing  steel  before  the  scab  is  finally 
;^rat«d.  Clearly,  the  energy  required  to  separate  the  scab  depends  on 
j scab  circumference,  and  it  would  seem  therefore  that  a given  oharge 
Sid  be  able  to  aoab  a greater  thickness  of  steel  if  the  energy  oould  be 
aefttrated  into  a smaller  area  ao  as  to  produce  a smaller  scab.  Some 
amiBg  of  td®  detonation  wave  might  help  to  achieve  this.  It  must, 
ever*  h*  remembered  that  the  price  of  using  a wave-shaper  is  that  the 
,<c  of  *he  explosive  in  contact  with  the  plate  will  be  of  lower  power  than 
t now  used,  and  also  that  it  may  be  very  difficult  to  make  a wave- 
per  function  satisfactorily  in  the  squash- head  projectile. 
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6,  Conclusions 


(1)  The  average  velooity  of  the  shook  wave  produced  by  plastio  explosive 
detonated  in  contact  with  mild  steel  plate  1 to  3 ins.  thiok  is  very  olose  to 
5000  m./sec.  and  only  slightly  dependent  on  plate  thickness.  The  velooity 
is,  however,  probably  greater  in  the  first  1/4-1/2  in.  of  travel.  The 
velocities  obtained  are  in  good  agreement  with  those  calculated  fr cm  the 
Kankine-Hugoniot  equations  together  with  an  equation  of  state  for  steel. 

(2)  Displacement-time  curves  of  the  plate  surfaoe  up  to  about  0.4  ins. 
have  been  obtained  for  plates  attacked  by  a wide  range  of  oharge  sizes.  Moat 
of  the  curves  are  continuous  except  near  to  the  plate.  Where  there  is  evidenoe 
of  the  wave  of  elastic  deformation.  With  long  charges  most  of  the  ourves  have 
constant  slope,  but  as  the  oharge  length  decreases  the  slope  tends  to  decrease 
with  displacement.  The  face  Velocity  increases  with  charge  length  up  to  a 
length- diameter  ratio  of  2 and  decreases  with  plate  thiokmeaa. 

(3)  The  particle  velooity  and  shock  wave  stress  calculated  from  the 
surfaoe  velocity  are  in  reasonable  agreement  with  theory  and  give  a qualitative 
picture  of  the  shape  of  the  stress-time  curve  in  the  steel.  The  stress 
decreases  rapidly  in  the  first  1/4-1/2  in.  of  metal,  ia  then  fairly  constant 
for  about  1-2  ins. , and  finally  decreases  fairly  rapidly  to  below  the  yield 
stress. 

(4)  The  scab  diameter  is  approximately  1.5  times  the  oharge  diameter  but 
does  tend  to  increase  with  plate  thickness. 

(5)  The  thickness  of  the  scab  at  the  edge  is  constant  for  a given  plate 
thickness  and  roughly  proportional  to  plate  thickneaa.  The  thickness  of  the 
scab  at  the  centre  is  dependent  on  the  ratio  of  plate  thickness  to  oharge 
diameter;  if  the  ratio  is  unity  the  scab  thickness  is  mare  or  less  uniform, 
but  with  thinner  plates  the  scab  is  much  thicker  in  the  centre.  The 
variations  in  scab  thickness  agree  with  a simple  qualitative  theory  of  shook 
Wave  interaction  assuming  changes  in  the  stress-time  ourves  caused  by  lateral 
unloading  waves. 

(6)  The  limiting  thiakness  of  plate  that  can  be  scabbed  by  a givan 
charge  is  governed  by  lateral  unloading.  Many  charges  give  a lateral 
scabbing  fracture  but  the  scab  contains  insufficient  energy  to  detach  itself 
from  the  plate.  The  only  obvious  method  of  increasing  the  efficiency  of 
scabbing  is  to  concentrate  the  same  amount  of  energy  into  a smaller  scab  by 
modification  of  the  detonation  wave  shape.  It  would  be  worthwhile  to 
investigate  the  effect  of  wave-shaping,  although  it  is  doubtful  whether  this 
oould  be  incorporated  in  a squash-head  weapon  in  its  present  form. 
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